Introduction {#Sec1}
============

Volatile elements are transported from the Earth's interior to the hydrosphere and the atmosphere through volcanic and hydrothermal systems in addition to micro- and macro-seepages from active tectonic areas^[@CR1],[@CR2]^. If the geological carbon cycle is well documented for its oxide forms, such as CO~2~ ^[@CR3]--[@CR5]^, much work is needed to describe the geological cycle of its reduced forms, such as methane (CH~4~)^[@CR6]--[@CR8]^. The shallower biological methane cycle is relatively well quantified, such as biological release from wetlands, rice paddies, animals and termites^[@CR9]^ and its impact on the greenhouse gas budget of the atmosphere^[@CR10]^. The deep geological methane cycle still has to be well constrained^[@CR8]^. Much attention has recently focused on the sources of radiocarbon-free geological methane (i.e., older than 40kyrs) in the domain of petroleum geochemistry and microbiology^[@CR11]--[@CR13]^.

There are two types of geological methane; (a) abiotic methane originated in volcanic and geothermal systems^[@CR14]--[@CR16]^, and (b) methane derived from hydrocarbon generation processes in sedimentary basins^[@CR7]^. In principle, the chemical and isotopic composition of this methane and the associated natural gases should correlate with the geodynamic setting of the region where these gases originate^[@CR17]--[@CR20]^.

In order to elucidate the origin of geological methane and its relationship with the geodynamic setting of the explored area, we collected natural gases in the West Pacific region (Fig. [1](#Fig1){ref-type="fig"}) and measured their chemical and isotopic compositions. This region is a window on a complete arc system with fore-arc, volcanic-arc and back-arc. Among various volatile elements in natural gases, helium-3 has been shown to be one of the most powerful tracers of fluid origin on Earth because of its mantle origin and since its isotopic variability depends on the geodynamic setting^[@CR21]--[@CR25]^, which is characterized by geophysical parameters such as terrestrial heat flow, Bouguer gravity anomaly, seismic velocity (P-wave perturbation), crustal deformation and magnetic anomaly. Therefore, the CH~4~/^3^He ratios of natural gases are expected to provide constraints on the origin of methane. In addition, we measured the nitrogen isotope composition of the sampled natural gases, which may provide further insights about their formation.Figure 1Sampling sites of methane-rich natural gases at the West Pacific convergent plate boundary with geotectonic settings. This figure was prepared using the Ocean Data View software^[@CR72]^. A-A' and B-B' show cross sections of Fig. [5a and b](#Fig5){ref-type="fig"}, respectively.

Results {#Sec2}
=======

Chemical compositions of methane-rich natural gases {#Sec3}
---------------------------------------------------

Chemical compositions of 21 natural gas samples collected and analyzed in this work are listed in Supplementary Table [S1](#MOESM1){ref-type="media"} together with those from the literature^[@CR26],[@CR27]^. Except for three CO~2~-rich samples in South Taiwan (CL-1, 2, 3), natural gas samples are dominated by hydrocarbon species such as methane and ethane (C~2~H~6~). Akita-Niigata natural gas samples show appreciable amounts of ethane and propane (C~3~H~8~), while the samples from the South Kanto gas field are dominated by an almost pure methane phase. Nitrogen is a minor component. South Taiwan samples have intermediate characteristics compared to the samples from the Akita-Niigata and South Kanto gas fields. Nitrogen content varies significantly from 0.1% to 21%, while oxygen abundances are generally close to 0.1%, suggesting that air contamination is negligible. All argon contents are much lower than the air value of 0.934%, while helium abundances are ranging from 2.7 ppm to 285 ppm, mostly higher than air value of 5.24 ppm, confirming an elemental signature that differs from atmospheric noble gas.

Isotopic compositions of methane-rich natural gases {#Sec4}
---------------------------------------------------

Isotopic compositions of carbon (^13^C/^12^C) in methane, nitrogen (^15^N/^14^N), helium (^3^He/^4^He) and argon (^40^Ar/^36^Ar) of the acquired natural gas samples are listed in Supplementary Table [S2](#MOESM1){ref-type="media"} together with the elemental ratios of ^4^He/^20^Ne, N~2~/^36^Ar, CH~4~/^3^He and CH~4~/(C~2~H~6~ + C~3~H~8~). C~1~, C~2~ and C~3~ in figures and tables correspond to CH~4~, C~2~H~6~ and C~3~H~8~, respectively. Supplementary Table [S2](#MOESM1){ref-type="media"} also reports representative data from the literature^[@CR26],[@CR27]^. Carbon and nitrogen isotopes are expressed in the delta (δ) notation, as parts per thousand deviation (per mil, ‰) from the international standard PDB and atmospheric nitrogen, respectively. Helium isotopes are given in the Ra notation, where Ra is the atmospheric ^3^He/^4^He ratio of 1.382 × 10^−6^ (ref.^[@CR28]^). The δ^13^C values of methane in this work vary significantly from −69.6‰ to −35.9‰. This range of values is consistent with previous work in the area^[@CR26],[@CR27]^. Generally Akita-Niigata natural gas samples have δ^13^C values consistent with those of South Taiwan, both showing carbon isotope signatures being heavier than those determined in the South Kanto samples. δ^15^N values are ranging from −4.2‰ to + 2.8‰ in this work, indicating minor fractionation with respect to the air value of 0‰. There is no apparent discrepancy of the nitrogen isotope signature among Akita-Niigata, South Kanto and South Taiwan natural gases. Helium isotope ratios vary significantly from 0.06Ra to 6.29Ra (i.e., up to two orders of magnitude different values). The lowest value of 0.06 ± 0.05Ra is typical for crustal radiogenic helium, while the highest of 6.29 ± 0.14Ra indicates the presence of He with a typical subduction-like magmatic signature of 7.4 ± 1.3Ra^[@CR23]^. Generally, the ^3^He/^4^He ratios of the South Kano samples are lower than the atmospheric air value of 1Ra, while those of Akita-Niigata show ratios higher than this value, indicating the occurrence of different proportions of mantle helium. South Taiwan samples are variable compared to those of South Kanto and Akita-Niigata. The northernmost samples (CL-1, 2, 3, and LS) show higher ^3^He/^4^He ratios than those in south, probable due to a mostly pure mantle source for gases in the northern Taiwan^[@CR29]--[@CR31]^. Most of the measured argon isotope ratios are similar to the air value of 298.6 ^[@CR28]^ within the experimental error. A few samples from South Taiwan (CL-2 and WSD) show excess radiogenic ^40^Ar\* with the ^40^Ar/^36^Ar ratios higher than air, but these ratios are much smaller than those observed in natural gases of geotectonically stable regions^[@CR32],[@CR33]^.

Discussion {#Sec5}
==========

Methane and heavier alkanes are the major components of the natural gases analyzed in this study. At first we consider the possible origin of these gases in relationship with the tectonic setting of the investigated gas fields at the West Pacific convergent plate boundary. In order to have a more comprehensive picture of the sources of light hydrocarbons in this area of the Pacific, we added recently published data collected from a shallow submarine hydrothermal system around the Tokara Islands^[@CR34]^ (see Fig. [1](#Fig1){ref-type="fig"}). These samples were acquired right above the crater of a submarine volcano, using the acoustic survey system of the research vessel. Their chemical and isotopic compositions were measured in the same way than those of this work, so a direct comparison is allowed. The Tokara Islands are located just on the volcanic front between the Kyushu and Okinawa regions where Philippine Sea Plate is subducting beneath the Eurasian Plate (Fig. [1](#Fig1){ref-type="fig"}). Therefore, Tokara samples are tectonically different from Akita-Niigata (between volcanic arc and back-arc basin), South Kanto (frontal arc basin) and South Taiwan (collision zone) samples.

Geological methane is classified into two groups according to its origin: abiotic origin related to magma and biogenic origin from sedimentary organic matter^[@CR8],[@CR14]--[@CR16]^. Furthermore, biogenic methane is divided into two subgroups based on the main processes responsible for its formation: thermogenic and microbial methane^[@CR35]^. This classification was derived by combining δ^13^C values of methane and the CH~4~/(C~2~H~6~ + C~3~H~8~) ratio, in the so-called Bernard plot. Figure [2](#Fig2){ref-type="fig"} shows the Bernard plot for methane-rich natural gases from this work together with the Tokara samples and two areas representing the isotopic and elemental values expected for the thermogenic and microbial methane end-members. Thermogenic methane is formed from the thermal cracking of kerogen or crude oil in sedimentary basins and it is characterized by heavy δ^13^C values higher than −50‰ and CH~4~/(C~2~H~6~ + C~3~H~8~) ratios lower than 100. On the other hand, microbial methane is produced at temperatures lower than 50 °C in shallower environments such as wetlands, by methanogenic archaea. Methanogenesis consists either of CO~2~ reduction or fermentation of methylated substrates^[@CR36]^. Microbial methane has lighter δ^13^C values from −60‰ down to −110‰ and CH~4~/(C~2~H~6~ + C~3~H~8~) ratios higher than 1000.Figure 2Correlation diagram (Bernard's plot) between δ^13^C values and CH~4~/(C~2~H~6~ + C~3~H~8~) ratios of methane-rich natural gases at the West Pacific convergent plate boundary. Dotted curves show mixing lines between thermogenic and microbial end members, and between EPR and microbial end members of hydrocarbons. EPR indicates abiotic methane in hydrothermal systems of the East Pacific Rise. Arrows indicate the evolution of δ^13^C values and CH~4~/(C~2~H~6~ + C~3~H~8~) ratios during methane oxidation and migration, respectively.

It is noted that all South Kanto samples are located within the area of microbial origin, while most Akita-Niigata samples are of thermogenic origin except for two samples (Nos 16 and 17) with lighter δ^13^C values (Fig. [2](#Fig2){ref-type="fig"}). Therefore, South Kanto and Akita-Niigata samples are well explained by classical processes of natural gas generation^[@CR35]^. On the other hand, it is difficult to explain the origin of the South Taiwan and Tokara samples by a simple binary mixing between thermogenic and microbial sources. For these outliers, either oxidation of microbial methane with a positive δ^13^C shift or molecular fractionation during migration of thermogenic methane is proposed^[@CR37]--[@CR39]^. In a Bernard plot, methane-rich natural gases from South Taiwan samples are located in the same region as that representing the methane in mud volcanoes worldwide^[@CR40]^ (see Fig. [2](#Fig2){ref-type="fig"}). Etiope *et al*.^[@CR40]^ claimed that the most suitable explanation is molecular fractionation due to fluid migration. Isotopic fractionation of carbon was generally not significant (i.e. always less than 5‰). In agreement with these authors, we suggest that methane in the South Taiwan samples is of thermogenic origin with some secondary modification by molecular fractionation. Even though Hong *et al*.^[@CR41]^ carried out an intense sampling to obtain a mapping of the methane flux in the region, molecular fractionation was not taken into account as a possible process affecting the isotopic composition of methane in the area.

Tokara samples show heavier δ^13^C values than those of South Taiwan (Fig. [2](#Fig2){ref-type="fig"}). Based on the compilation of data from mud volcanoes worldwide, gas samples with δ^13^C values heavier than −30‰ are extremely rare: only one case of 201 sampled mud volcanoes showed similar values^[@CR40]^. Hence, it is difficult to explain the origin of Tokara samples considering only a thermogenic origin. To infer the origin of the Tokara samples an additional third end-member, which represents gases of abiotic origin must be added in Fig. [2](#Fig2){ref-type="fig"}. The respective value ranges are deduced from findings in several submarine hydrothermal systems of the EPR (East Pacific Rise) from 18°S to 21°N^[@CR42],[@CR43]^. Abiotic methane is characterized by δ^13^C values between −17‰ and −29‰ and CH~4~/(C~2~H~6~ + C~3~H~8~) ratios between 100 and 3200 as compiled from data obtained in several submarine hydrothermal systems of the EPR^[@CR42],[@CR43]^ and those compiled by Sano and Fischer^[@CR23]^. Tokara samples are well overlapping with the EPR region in Fig. [2](#Fig2){ref-type="fig"} within experimental error margin, suggesting their abiotic origin in relation to the observed submarine volcanic activity^[@CR34]^. Therefore, based on the above arguments and the geodynamic setting of the sampling sites characterized by parameters such as heat flow, gravity anomaly and seismic velocity, the order of contribution of abiotic methane is estimated as follows: Tokara \> South Taiwan = Akita-Niigata \> South Kanto. This relation is comparable to the one set by the measured helium isotope ratios: the Tokara samples (up to 4Ra) show much higher ^3^He/^4^He values than the South Kanto samples (\<0.3 Ra), while those of the South Taiwan and Akita-Niigata samples are variable (Supplementary Table [S2](#MOESM1){ref-type="media"}).

Even though abiotic (EPR-type) methane is discriminated from thermogenic and microbial methane in the Bernard plot, it is difficult to calculate quantitatively the abiotic contribution because the mixing line is complicated by the location of each end member. We need another parameter to discriminate the abiotic component in a more straightforward way than the CH~4~/(C~2~H~6~ + C~3~H~8~) ratio. The CH~4~/^3^He ratio is a possible candidate, since ^3^He traces univocally mantle contribution to fluids^[@CR22],[@CR23],[@CR44],[@CR45]^. Since the CO~2~/^3^He ratio was successfully adopted as discriminant ratio for volcanic gases from island arcs worldwide^[@CR44]^, the CH~4~/^3^He ratio may be also useful. Figure [3](#Fig3){ref-type="fig"} shows the relationship between δ^13^C values of CH~4~ and the CH~4~/^3^He ratios. There are three independent end members in Fig. [3](#Fig3){ref-type="fig"}; EPR-type, thermogenic and microbial methane. It is plausible to assume that the average molecular ratio of CH~4~ to ^3^He in an EPR hydrothermal system, 5 × 10^−6^ (ref.^[@CR20]^), is representative of abiotic methane derived from mid-ocean ridges associated to a δ^13^C value of −23 ± 6‰^[@CR23],[@CR42],[@CR43]^. On the other hand, the CH~4~/^3^He ratio of the biogenic and the crustal end members was estimated to be 5 × 10^12^ by Wakita *et al*.^[@CR26]^ and 1 × 10^13^ by Sakata *et al*.^[@CR27]^. These values are very similar to the CO~2~/^3^He ratio of 1 × 10^13^ in limestone and sedimentary end members when Sano and Marty^[@CR46]^ discussed the origin of carbon in fumarolic gases from island arcs. In this work, we assume that both microbial (i.e., biogenic) and thermogenic (i.e., crustal) methane have the CH~4~/^3^He ratio of 1 × 10^13^. We take a δ^13^C value of −25 ± 5‰ for the thermogenic end-member based on the most mature gas in the Akita-Niigata region^[@CR47]^ and methane in submarine sediment-associated system^[@CR11],[@CR48]^. On the other hand, we adopted a microbial δ^13^C end member of −75 ± 5‰ from Wakita *et al*.^[@CR26]^.Figure 3Correlation diagram between δ^13^C values and CH~4~/^3^He ratios of methane-rich natural gases. Dotted curves indicate mixing lines between EPR and thermogenic, and between EPR and microbial. All samples are located within the area delimited by the three end-members.

All data including Tokara submarine samples are distributed within the mixing area of the three end members: EPR-type, thermogenic, and microbial methane (Fig. [3](#Fig3){ref-type="fig"}), suggesting that the mixing hypothesis is valid. Therefore, it is possible to deconvolute each contribution using the following equations:$$\documentclass[12pt]{minimal}
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                \begin{document}$$E+T+M=1$$\end{document}$$where subscripts *Meas*, *EPR*, *Ther* and *Micr* refer to measured methane values, EPR-type abiotic methane, thermogenic methane, and microbial methane, respectively. With δ^13^C~EPR~ = −23 ± 6‰, δ^13^C~Ther~ = −25 ± 5‰, δ^13^C~Micr~ = −75 ± 5‰, (CH~4~/^3^He)~EPR~ = 5 × 10^6^, (CH~4~/^3^He)~Ther~ = 1 × 10^13^ and (CH~4~/^3^He)~Micr~ = 1 × 10^13^, we can calculate the contributions of the three components *E* (abiogenic), *T* (thermogenic), and *M* (microbial) in the samples. The deconvolution results of the lower and upper ranges at each site are listed in Supplementary Table [S3](#MOESM1){ref-type="media"} together with their end members. In this calculation, the molecular fractionation observed in the CH~4~/^3^He ratios and the isotopic fractionation indicated by the δ^13^C values during the fluid migration from the gas source to the sampling site are not taken into account. Etiope *et al*.^[@CR40]^ suggested that isotopic fractionation resulting in higher δ^13^C values in mud volcano samples is less than 5‰ due to a segregation process or a chromatographic effect during fluid migration towards the planet's surface. On the other hand, the molecular ratio CH~4~/(C~2~H~6~ + C~3~H~8~) of some mud volcano samples may increase two orders of magnitude during advective fluid migration^[@CR40]^. If this is the case, the original CH~4~/^3^He ratios may be altered by the migration from the gas source to the sampling site. There are two samples in South Taiwan (WSD and MP) characterized by high CH~4~/(C~2~H~6~ + C~3~H~8~) ratios of 5000 \~ 10000 with thermogenic δ^13^C values of −36‰ \~ −38‰ (Fig. [2](#Fig2){ref-type="fig"}). Their CH~4~/^3^He ratios show the maximum values of 3 \~ 4 × 10^11^ among the South Taiwan samples and a correction considering the effects of fluid migration is expected to result in 100 times smaller values. If so, the contribution of EPR-type methane would be 100 times larger. Yet the corrected values (0.12% \~ 0.17%) remain smaller than the average EPR-type methane contribution of the South Taiwan samples (0.34%; Supplementary Table [S3](#MOESM1){ref-type="media"}). Note that the northernmost samples (CL-1, 2, and 3) show the higher EPR-type contribution between 0.8% and 1.8% than other samples, suggesting the transition signature from collision in South to subduction in North Taiwan^[@CR29]--[@CR31]^. This could be verified in future by intensive sampling and isotopic analysis of gases from mud volcano samples.

Based on the deconvolution equations, the microbial methane contribution in the South Kanto samples reaches the maximum average value of 91%, while EPR-type methane is only 0.0008%, that is, negligibly small (Supplementary Table [S3](#MOESM1){ref-type="media"}). This is consistent with the location of the South Kanto gas field in a non-volcanic frontal arc region with low terrestrial heat flow^[@CR49]^ and at least 100 km far from active volcanoes^[@CR17]^. The respective water-soluble natural gases are of typical shallow origin, i.e. produced by microbial activity. On the other hand, the thermogenic methane contribution in the Akita-Niigata samples is larger than 50%, which is most likely derived from a reservoir in volcaniclastic rock formations resulting from submarine magmatic activities in the middle Miocene^[@CR26]^. This methane was possibly produced by cracking of kerogen and/or petroleum together with appreciable amounts of microbial methane^[@CR27]^. The discrepancy in the abiotic methane contribution in this study and the one inferred by Wakita *et al*.^[@CR26]^ is attributable to the choice of the EPR-type end member. We took the average of the measured CH~4~/^3^He ratios of hydrothermal fluids in EPR from 18°S to 21°N^[@CR42],[@CR43]^, while Wakita *et al*.^[@CR26]^ assumed a total carbon to ^3^He ratio of 2 × 10^9^ in the fluids and vesicles of mid-ocean ridge basalt glasses^[@CR1]^. The total carbon consists of 99% CO~2~ and the CH~4~ contribution is less than 1% in EPR-type fluids. Wakita *et al*.^[@CR26]^ considered that all hydrothermal CO~2~ was converted into CH~4~ by the Fischer-Tropsch reaction, which was possible in presence of abundant hydrogen. Considering the hydrogen content of modern EPR fluids being less than 1% of total gas composition^[@CR42],[@CR43]^, it is difficult to justify the occurrence of Fischer-Tropsch reactions in the investigated hydrothermal system. Therefore, we decided to adopt the average CH~4~/^3^He ratio of 5 × 10^6^ for the EPR-type end member as a minimum.

Natural gases from mud volcanoes in South Taiwan show a thermogenic contribution of approximately 65% and a microbial share of 35%, which is very similar to those of Akita-Niigata samples (Supplementary Table [S3](#MOESM1){ref-type="media"}), although the tectonic settings are different. Sun *et al*.^[@CR50]^ reported geochemical analyses of natural gases from 17 mud volcanoes in South Taiwan. Consistently with our data, their δ^13^C values of methane varied from −26.5‰ to −58.0‰. Sun *et al*.^[@CR42]^ also measured the δ^13^C values of mud volcano sediments. Their data did not support a direct relation between the emitted natural gases and the sediments in terms of production by the break-up of the organic matter, but suggested a deeper origin of gases, migrated upward through active faults in the region. Nevertheless, the authors concluded that natural gases are derived from microbial to thermally over-matured sources, which is consistent with our estimates based on the δ^13^C values and CH~4~/^3^He ratios. The northernmost samples (CL-1 and 2) with a high EPR-type contribution are also characterized by thermogenic proportions of 50--70% of the total, suggesting heat source in crust.

Finally, we discuss the possible origin of the Tokara hydrothermal gases. If the deconvolution of these methane gases is valid, they are almost of thermogenic origin (91% on average) with a contribution of EPR-type abiotic methane of only 3.2% of the total (Supplementary Table [S3](#MOESM1){ref-type="media"}). However, the seawater samples were collected immediately above the crater of the emitting shallow submarine volcano and the *in situ* contribution from marine sediments might be negligibly small^[@CR34]^. There is no sedimentary layer in the region and it is difficult to find thermogenic source in the hydrothermal system. On the other hand, Sano and Marty^[@CR38]^ reported that up to 20% of the carbon in high-temperature volcanic gases in subduction zones is derived from a mid-ocean ridge basalt-type source, while the major fraction is attributable to carbon derived from subducted marine carbonates. They also suggested that subducted marine sediments should contribute an appreciable amount, approximately 10%, in volcanic gases. The Tokara Islands are located in the volcanic front of the Ryukyu arc. The subducted sediments of the descending Philippine Sea Plate may be involved in the arc magma, i.e., becoming a possible source of thermogenic methane. In summary, according to our quantitative estimate of EPR-type methane contributions, we can estimate the order the sampling sites with respect to the contribution of abiotic methane as follows: Tokara \> South Taiwan ≥ Akita-Niigata \> South Kanto. This is in line with the estimates by using the Bernard plot in the previous section.

Nitrogen is a minor component of methane-rich natural gases and commonly exists in petroleum worldwide^[@CR51]^ and is considered as common contaminant in oil industry. Since the pioneer work on nitrogen isotopes in natural gases by Hoering and Moore^[@CR52]^, the number of published works on the subject remains significantly smaller than those of carbon isotopes in methane-rich gases^[@CR53]--[@CR57]^. The major source of nitrogen in natural gases has been attributed to the thermal breakdown of organic sediments at depth^[@CR58]^, which may occur in combination with thermogenic methane production. In addition, microbial decomposition may liberate organic-bound nitrogen at shallow depth^[@CR59]^. This nitrogen is generally characterized by positive δ^15^N values from + 3‰ to + 10‰^[@CR60]^. On the other hand, nitrogen in mid-ocean ridge basalt glasses and peridotitic diamonds has negative δ^15^N values of −4 ± 1‰ and −6.5 ± 1.5‰, respectively^[@CR61],[@CR62]^. Based on these observations, upper-mantle nitrogen was characterized by a δ^15^N value of −5 ± 2‰^[@CR63]^. Atmospheric nitrogen could be another source in natural gases with a N~2~/Ar ratio between 38 and 84^[@CR57]^. Thus, the presence of nitrogen in natural gases can be explained by mixing of three end-members: the mantle, the sediments, and the atmosphere.

Nitrogen isotopes of high-temperature volcanic gases in island arcs were measured and compiled by Sano *et al*.^[@CR4]^. The δ^15^N values varied from 0.1‰ to 4.6‰, i.e. similar to atmospheric nitrogen with a small positive shift. It was difficult to distinguish the source based on the nitrogen isotopes only, as the contributing end members could have been either atmospheric nitrogen with δ^15^N = 0‰ or a mixture of sedimentary nitrogen with δ^15^N = + 7 ± 4‰ and upper mantle nitrogen with δ^15^N = −5 ± 2‰. Sano *et al*.^[@CR63]^ invented the method of deconvolution based on the N~2~/^36^Ar ratios together with δ^15^N values. Note that, compared to the total N~2~/Ar ratio, the N~2~/^36^Ar ratio is a better parameter to detect atmospheric contribution because the contribution of radiogenic ^40^Ar\* might be significantly high in some natural gases of crustal origin^[@CR32],[@CR33]^. We applied the deconvolution method by Sano *et al*.^[@CR63]^ to our data. Nitrogen data of the Tokara samples have not been measured, as seawater samples are generally dominated by atmospheric nitrogen. Instead we refer to nitrogen data of submarine hydrothermal mineral deposits in the Okinawa Trough (Fig. [1](#Fig1){ref-type="fig"}). The gases were extracted from vesicles of a sulfide chimney and measured by the same analytical system used in the present work^[@CR64]^.

Figure [4](#Fig4){ref-type="fig"} shows a relationship between δ^15^N values and N~2~/^36^Ar ratios of methane-rich natural gases in this study together with the Okinawa Trough samples. Most samples (with a few exceptions that include a mud volcano in South Taiwan, WSD) are distributed within the mixing area delimited by the three end members (i.e., mantle, sedimentary and atmospheric nitrogen) suggesting that the mixing hypothesis is likely valid. Hence, it is possible to deconvolve each contribution using the simple equations described by Sano *et al*.^[@CR63]^. With the end members δ^15^N~Mantle~ = −5‰, δ^15^N~Sediment~ = + 7‰, δ^15^N~Air = ~0‰, (N~2~/^36^Ar)~Mantle~ = 6 × 10^6^, (N~2~/^36^Ar)~Sediment~ = 6 × 10^6^, and (N~2~/^36^Ar)~Air~ = 1.4 × 10^4^ (this value is in between that of air and air-saturated water), we can calculate the percentage of the three components, i.e. mantle, sedimentary and atmospheric nitrogen, in the samples. In this calculation, the elemental fractionation of the N~2~/^36^Ar ratio and the nitrogen isotope fractionation from the gas source to the sampling site are not taken into account, which sometimes has a significant effect on methane-rich gases. Two mud-volcano samples (WSD and MP) of South Taiwan are probably affected by advective fluid migration resulting in high CH~4~/(C~2~H~6~ + C~3~H~8~) ratios as discussed in a previous section. Note that the WSD sample shows a very negative δ^15^N value, possibly generated by isotope fractionation due to migration. At the same time, the N~2~/^36^Ar ratios are expected to increase significantly because of the preferential enrichment in lighter atoms/molecules. Except for a couple of samples that seem to show a migration effect, the distribution of the natural gas data in Fig. [4](#Fig4){ref-type="fig"} is not so much different compared to the one of the Okinawa Trough samples^[@CR64]^. This distribution is also similar to the one observed for the Tatun Volcanic Group in North Taiwan^[@CR65]^.Figure 4Correlation diagram between δ^15^N values and N~2~/^36^Ar ratios of methane-rich natural gases at the West Pacific convergent plate boundary. Dotted curves show mixing lines between Air + ASW and sediments, and between Air + ASW and mantle. ASW is an air saturated water at 20 °C. Arrow indicates fractionation effects due to fluid migration.

Based on the deconvolution calculation for nitrogen, air contribution in the South Kanto samples is dominant, approximately 94% on average. If we take into account the errors on the δ^15^N values and the N~2~/^36^Ar ratios, these data are consistent with the atmospheric composition, suggesting that actual contributions of other end members such as mantle and sediment are significantly smaller. This agrees well with the results of methane end-member deconvolution showing negligible abiotic contribution and may reflect the geotectonic setting characterized by a non-volcanic environment. On the other hand, the average mantle contributions to the Akita-Niigata and South Taiwan samples are 27% and 36%, respectively. The northernmost samples in South Taiwan (CL-1, 2 and LS) show the highest proportions of mantle nitrogen up to 45%. These estimates are larger than those obtained for high-temperature volcanic gases of island arcs^[@CR4]^ that are probably affected by fractionation during the migration from the gas source to the sampling site. Due to the fluid migration process, δ^15^N values may decrease, while N~2~/^36^Ar ratios would increase (see an arrow in Fig. [4](#Fig4){ref-type="fig"}). These variations would make the apparent mantle contribution larger. Even though it is difficult to correct numerically this alteration, isotopic fractionation affecting the δ^15^N values of mud volcano samples may be less than 5‰ because the alteration of δ^13^C of methane is less than 5‰^[@CR32]^ and the relative mass difference between ^15^N^14^N and ^14^N^14^N is smaller than between ^13^CH~4~ and ^12^CH~4~. Based on the deconvolution of the nitrogen sources, the order of contribution of mantle-derived nitrogen is as follows: South Taiwan ≥ Akita-Niigata \> South Kanto. This relation is similar to the one inferred for the abiotic methane contribution in natural gases, probably reflecting a geotectonic setting where high heat flow, low seismic velocity and negative gravity anomaly prevails, while crustal deformation and magnetic anomaly are not related (Supplementary Table [S4](#MOESM1){ref-type="media"}).

Conclusion {#Sec6}
==========

We have measured the elemental and isotopic compositions of carbon, nitrogen, argon and helium in methane-rich natural gases from the West Pacific convergent plate boundary. A relationship between origin of methane-rich natural gas and geographical and geodynamic settings is summarized in Fig. [5](#Fig5){ref-type="fig"}. The South Kanto gas samples of Northeast Japan show light δ^13^C values, high CH~4~/(C~2~H~6~ + C~3~H~8~) and CH~4~/^3^He ratios, atmospheric δ^15^N values and N~2~/^36^Ar ratios, that are well explained by a microbial origin characterized by low-temperature processes and a non-volcanic signature typical of a fore-arc basin. The Akita-Niigata samples show heavy δ^13^C values, low CH~4~/(C~2~H~6~ + C~3~H~8~) and CH~4~/^3^He ratios, variable δ^15^N values and N~2~/^36^Ar ratios, suggesting a thermogenic origin possibly related to magmatic heat in a volcanic-arc region. The South Taiwan samples are characterized by heavy δ^13^C values, intermediate CH~4~/(C~2~H~6~ + C~3~H~8~) ratios, low CH~4~/^3^He ratios, variable δ^15^N values and N~2~/^36^Ar ratios, probably related to the collision tectonics with some magmatic heat and active fault. The largest contribution of abiotic methane is in South Taiwan samples with 0.34% on average. A slightly smaller average proportion of 0.21% is observed in the Akita-Niigata samples. The abiotic contribution in the South Kanto samples is negligibly small (i.e., only 0.0008%). These trends are consistent with the tectonic settings of the plate characterized by variations in heat flow, seismic velocity and gravity anomaly.Figure 5Schematic diagram showing a relationship between origin of methane-rich natural gas and geographical and geodynamic settings of the Western Pacific convergent plate boundary. (**a**) Vertical cross section of A-A' in Fig. [1](#Fig1){ref-type="fig"}. In fore-arc region of Northeast Japan, there is no magma generated and methane is totally microbial, while in volcanic-arc \~ back-arc region, thermogenic methane may be attributable to hidden magma in crust. Map is generated by Google Earth Pro 7.3.0.3832 (64-bit) (Mac version). Original figure was created by Hsiaofen Lee and Tefang Lan. (**b**) Vertical cross section of B-B' in Fig. [1](#Fig1){ref-type="fig"}. In South Taiwan, collision tectonics is distinguished where thermogenic methane is generated with mud volcanoes. There is a transition signature from subduction in north to collision in south Taiwan. CL samples may be affected by subduction-type volatiles. Original figure was created by Yves Rene Descatoire for Earth Observatory of Singapore^[@CR73]^ and modified by Hsiaofen Lee and Tefang Lan.

Methods {#Sec7}
=======

Sampling sites {#Sec8}
--------------

Methane-rich natural gas samples were collected in three tectonically different regions in West Pacific convergent plate boundary (Fig. [1](#Fig1){ref-type="fig"}). The South Kanto natural gas field is located in the frontal arc region of Northeast Japan where Pacific Plate is subducting beneath Eurasia Plate, where there are no active volcanoes or hydrothermal systems at present. Natural gases accumulated in Pliocene-Pleistocene sedimentary rocks of the Kazusa Group, Japan^[@CR66]^. The Kazusa Group reaches 2000--4000 m in thickness with several turbidite formations deposited in a deep basin, and it is located across a large area of the Tokyo Bay region. Four natural gas samples were collected from production wells at their wellheads. At the sampling site, a lead glass container with vacuum valves at both ends was filled with water to avoid air contamination, and one end was connected to the outlet of the well. After replacing the water in the container by collected gases, both valves were closed. The Akita-Niigata natural gas field is located in Northeast Japan, face to the Sea of Japan. The gas field lies on a basin developed in a transient slope from volcanic arc to back-arc region. The volcanic arc is attributable to magma generated by subduction of the Pacific Plate beneath the Eurasia Plate (Fig. [1](#Fig1){ref-type="fig"}). There are a few active volcanoes close to the region such as Mt. Chokai and Mt. Hijiori. Most natural gases accumulated in volcanoclastic rock formations, the so-called "Green Tuff" which may be attributable to large-scale magmatic activities of the middle Miocene^[@CR67]^. Six natural gas samples were collected from production wells using the same method as described in the previous paragraph. Taiwan is located at the collision boundary between the Philippine Sea Plate and the Eurasia Plate and developed a typical accretionary prism in the southern part of the island. Several mud volcanoes are distributed in south Taiwan region, reflecting compressional tectonics^[@CR68]^. They are exhaling significant amounts of methane-dominated gases from gas sources located in sandstone beds with mud stone matrix^[@CR69]^. Eleven natural gas samples were collected using the previously described water replacement technique in active mud volcanoes and seepages of South Taiwan.

Analysis {#Sec9}
--------

All measurements have been achieved at Atmosphere and Ocean Research Institute, the University of Tokyo. Major gas compositions were measured by a quadrupole mass spectrometer equipped with an electron multiplier detector (Prisma QMS200, Preiffer Ltd.). Abundances of CH~4~, heavier hydrocarbons, CO~2~, N~2~, O~2~, Ar, and He were determined by comparing peak heights of the sample with those of standard gases (the details are summarized in Sano *et al*.^[@CR63]^). The overall error of the analyses was approximately 10% at 2σ for major gases such as CH~4~ and N~2~, which is estimated by the reproducibility of the standard measurements. The error may be up to 30% for trace gases like He and Ar. Carbon isotopes (^13^C/^12^C ratios) of CH~4~ were measured using a continuous flow GC-IRMS system (IsoPrime100 equipped with a vario-EA system; Isoprime Ltd.). The overall analytical error was approximately 0.3‰ at 2σ^[@CR70]^. Nitrogen isotopes (^15^N/^14^N ratios) of N~2~ were measured by the same GC-IRMS system for samples with nitrogen abundances larger than 1%. For N~2~ abundances smaller than 1%, we used a nitrogen isotope mass spectrometer under static vacuum operation (VG3600; Micromass Ltd.). The ^15^N/^14^N ratio was measured at masses 28 and 29 on a single Faraday cup using magnetic field cycling after separation and purification of nitrogen^[@CR71]^. Helium and neon were purified using charcoal traps and Ti getters in an all-metal ultra-high vacuum extraction line. After the ^4^He/^20^Ne ratio measurement using a quadrupole mass spectrometer, helium was separated from neon using a cryogenic charcoal trap and the ^3^He/^4^He ratio was measured by a helium isotope mass spectrometer (Helix SFT; GV Instruments Ltd.). The observed ^3^He/^4^He ratio was calibrated against standard atmospheric helium^[@CR28]^. The ^40^Ar/^36^Ar ratios were measured by a quadrupole mass spectrometer (HAL201, Hiden Analytical Ltd.) after separation and purification of argon.

Electronic supplementary material
=================================

 {#Sec10}

Supplementary Information

Tsanyao F. Yang is deceased.

**Electronic supplementary material**

**Supplementary information** accompanies this paper at 10.1038/s41598-017-15959-5.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

We thank INPEX CORPORATION, Japan Petroleum Exploration Co.,Ltd., MITSUBISHI GAS CHEMICAL COMPANY, INC. and Kanto Natural Gas Co. for gas sampling. Stable isotopic compositions of the Tokara samples were measured at Tsunogai laboratory in Nagoya University. This work was supported in part by a Grant-in-Aid for Science Research (15H05830) and (17H00777) from MEXT, Japan.

Y.S. designed the study and prepared the original manuscript. Y.S., N.K., T.K., S.S., A.W., T.L., H.W., A.C., T.F.Y., Y.T. and E.R. performed gas sampling. N.K., N.T., and T.K. performed analysis. T.T., S.K. T.F.Y. and Z.G. provided geological information. Y.S., T.L., H.L., D.L.P., and Y.T. revised the manuscript. All authors were engaged in commenting on the manuscript.

Competing Interests {#FPar1}
===================

The authors declare that they have no competing interests.
